The root responses to water deficit and osmotic adjustment are two main mechanisms that plants use to cope with drought stress. In order to evaluate relations between these mechanisms a greenhouse study was carried out in factorial based on CRD with three replications. In present work, three barley cultivars with different levels of drought tolerance have been subjected to terminal drought stress. Water stress was imposed by withholding water at the anthesis stage. The samplings were done when the available water content (AWC) in soil reached to 30% AWC (moderate stress) and 10% AWC (severe stress). Biological yield (BY) and grain yield (GY) were calculated at the end of the growth period. The results indicated that by increasing water stress severity, water potential (WP), osmotic potential (OP) and root volume (RV) decreased. In contrast, osmotic adjustment (OA) was higher in drought tolerant cultivar, Yousof, in severe drought stress condition (10% AWC). It seems that osmotic adjustment significantly caused to increase root to shoot ratio in this cultivar. Finally, the lowest grain yield reduction obtained from Yousof. The significant correlations were obtained between OA and root traits (p<0.05) in 10% AWC condition. The highest significant correlations were observed between OA and RWC (r=+0.92), BY (r=+0.83), GY (r=+0.96) in 10% AWC condition (p<0.01). The results underline the efficient relations between different drought resistance mechanisms especially in drought tolerant cultivar.
Introduction
Water shortage is the most abiotic stress factor limiting crop growth, development and production (Alqudah, Samarah, & Mullen, 2011) . Reduction in crop yield depends definitely on water limitation severity and the growth stage of plants that it happens. In according to cereal crops growing in areas with a Mediterranean climate which is the availability of water is scarce at the end of growth cycle, so the reproductive stage certainly will be affected by water limitation (González, Martin, & Ayerbe, 2008) .
Generally, barley (Hordeum vulgare L.) which is more drought tolerant than other Mediterranean cereals is cultivated in these areas, however, its productivity is limited by terminal water stress. Under condition of drought stress, looking for genotypes with effective physiological characteristics to cope with drought stress is required (Cantero-Martínez, Villar, Romagosa, & Fereres, 1995) .
On the other hand, one of the main mechanism affects the root elongation in the soil with low humidity is osmotic adjustment (Voetberg & Sharp, 1991) . Osmotic adjustment is considered as a drought tolerance mechanism (Hamidou, Zombre, & Braconnier, 2007) , and refers to reduction in water potential by net accumulation of organic and inorganic solutes, hence, it helps to remain the turgor pressure in high status at lower water potential, thus many physiological processes such as cell expansion, enzymes activities, stomata opening and gas exchanges, photosynthesis and growth, that depend on turgor, will be continued (Gonzalez et al., 2008; Zivcak, Repkova, Olsovska, & Brestic, 2009; Daneshmand, Arvin, & Kalantari, 2010) . A positive and significant correlation was found between yield and osmotic adjustment capacity, RWC and water potential under drought stress conditions (Gonzalez et al., 2008) . Whereas, genetic variations in osmotic adjustment existed among barley cultivars (González, Martin, & Ayerbe, 1999) , osmotic adjustment capacity and leaf water potential can be selected as characteristics to improve the drought tolerance in crops (Moinuddin, Fischer, Sayre, & Reynolds, 2005; Nayyar, Kaur, Singh, Dhir, & Bains, 2005) . Morgan (1995) pointed out wheat cultivars with high osmotic adjustment ability clearly demonstrated higher yield than cultivars with low osmotic adjustment under drought stress condition. In spite of all advantages of osmotic adjustment, its potential as a drought tolerance mechanism has not been approved by all researchers. Some authors mentioned osmotic adjustment is a result of growth reduction caused by drought (Munns, 1988) and others showed osmotic adjustment solely acts under severe drought stress without any influential effect on yield (Serraj & Sinclair, 2002) .
Among the mechanisms which are known as the drought tolerance, osmotic adjustment has attracted much more attention in recent years (Serraj & Sinclair, 2002) . However, research studies about effects of drought stress on OA, yield and root traits together are still not clear. So this study was conducted to investigate: (1) the differences in osmotic adjustment mechanism in barley cultivars demonstrating different drought tolerance ability under terminal drought stress, (2) the relation between root traits and osmotic adjustment (3) the role of osmotic adjustment in water relations and grain yield under terminal drought stress in green house condition.
Materials and Methods

Plant Material and Growth Conditions
Three barley (Hordeum vulgare L.) cultivars; Yousof (drought tolerant), Fajr 30 (drought-sensitive) and Morocco (semi-drought tolerant) representing different agronomic traits under terminal drought stress in field condition were chosen for this study. For each cultivar, 400 seeds were allowed to germinate on filter paper moistened with distilled water for 24 hours in a growth chamber at 25/20 °C (day/night) under 10/ 14 hours (light/ dark). The germinating seeds were then transferred to pots (8 seeds per pot) containing a mixture of field soil, sand and manure (2:1:1) and maintained in the greenhouse condition at the Agricultural Biotechnology Research Institute of Iran (ABRII) in Karaj in 2011-2012. For each cultivar 48 pots were considered and totally 144 pots used in this experiment. The experiment was conducted in factorial based on completely randomized design (CRD) with two treatments (well-watered and drought-stressed) and three replications.
Plants were grown under well-watered condition until anthesis. When the cultivars were at the anthesis stage, drought stress was started by withholding water but the control pots were irrigated daily (at 70% AWC) until maturity stage. When the soil moisture in drought stress pots reached to 30% AWC (moderate stress) and 10% AWC (severe stress) (amounts of water content in the potting medium were determined gravimetrically), the flag leaves of the main stem of control and treated plants were sampled.
Root Traits
Roots were harvested in control and drought stressed pots, and washed in order to eliminate the potting mixture residue. In each water treatments and for each cultivar, measurements were performed on eight plants. Root volume was evaluated by immersion in a graduate test tube and measure of the displaced water volume. Root samples and above-ground tissue were immediately weighed to determine fresh weight of each part. The ratio of fresh root-to-shoot (FRW/FSW) was then calculated.
WP, OP, OA and RWC
The leaf was detached for measurement of its water potential (WP) using a pressure chamber (Soil Moisture Equipment, Santa Barbara, CA, USA). After taking water potential measurement, the leaf was immediately wrapped in polyethylene bag and plunged into liquid nitrogen and then transferred to -20 °C freezer for later osmotic potential determination. The leaves were thawing and then put in Eppendorf tubes with holes at the bottom. These tubes were then centrifuged twice, at 4000 × g for 4 min (4 °C); in this way all sap was extracted from samples. The osmotic www.ccsenet.org/jas Journal of Agricultural Science Vol. 6, No. 7; 2014 potential of the leaf sap was calculated, after measuring sap osmolarity with a vapor pressure osmometer (model 5520 XR, Wescor, Inc., Logan, UT, USA), by the van't Hoff equation:
Where M is mmol/kg, I= 1, R=0.0083, T= t (K).
To measure osmotic adjustment (OA), 4 excised flag leaves (in each replication) were rehydrated in distilled water for 24 h, wrapped in polyethylene strips and then frozen at -20 °C. After thawing at room temperature (about 15 min), the cell sap was extracted and the osmotic potential (OP) of the extracted sap was determined using a vapor pressure osmometer (model 5520 XR, Wescor, Inc., Logan, UT, USA), as osmotic potential at full turgor (OP 100). Osmotic adjustment (OA) was evaluated as the difference between the (OP 100) of stressed and control plants (Blum, 1989) :
(2) Flag leaves (4 flag leaves in each replication) were used to determine relative water content (RWC) according to the formula:
RWC % = (Fresh weight-Dry weight)/ (Turgid weight -Dry weight) × 100
Turgid weight was obtained after leaves soaking overnight in distilled water at 4 °C in darkness and dry weight after 48 h at 72 °C.
Biomass and Grain Yield
When the plants reached to physiological maturity stage, 10 spikes in each replication, cut, weighed and threshed to obtain the grain yield of each cultivar. The whole of plant was harvested in order to calculate the total biomass of the crop. The spike, grain and straw were oven-dried (48 h at 72 °C) before weighing.
Statistical Analysis
All data were subjected to analysis of variance using the GLM procedure of SAS (Statistical Analysis System ver 9.1) and comparisons were made using Duncan's multiple range tests at p < 0.05.
Results and Discussion
Root Traits
Drought stress conditions, 30% AWC (moderate stress) and 10% AWC (severe stress), both of them caused reduction in RV, FRW and FSW as compared to control condition (70% AWC) and cultivars significantly differed together in root traits (Table 1) . Also, cultivars remarkably varied in fresh root to shoot ratio in different drought stress levels. At 30% AWC the tolerant cultivar, Yousof, decreased FRS but semi-drought tolerant cultivar, Morocco, increased FRS and drought-sensitive cultivar, Fajr30, did not significantly change this trait, but in 10% AWC condition FRS in all cultivars considerably elevated and the higher ratio obtained from Yousof (Tables 3 &  4) . * and **: Significant at 5% and 1% probability levels, respectively and ns: Non-significant.
In drought stress conditions, root and shoot weight reduced (Tables 3 & 4) , but the sensitivity of shoot growth to water deficit was more than root growth. Roots continue to grow in order to explore new soil volume for water hence, root to shoot ratio increased. Also, the ability of roots to grow in soils with low amount of water allows plants to survive when soil water is declining (Sharp et al., 2004) .
Whereas, in 30% AWC the tolerant Yousof cultivar decreased root to shoot ratio (Table 3) , it is assumed that the applied stress condition was not severe enough for this tolerant cultivar and Yousof did not receive any stress and continued its usual growth but in 10% AWC Yousof sensed the stress and may be by higher OA capacity in comparison with other cultivars, it increased ratio of root to shoot much more than the other cultivars.
Osmotic Adjustment and Water Relations
Drought stress conditions, 30% AWC (moderate stress) and 10% AWC (severe stress), both of them firmly reduced RWC, OP and WP in contrast to control condition (70% AWC) and cultivars had a significant difference together in water relation traits (Table 1) . As long as the drought stress intensified, the differences between the control and treated plants become greater in RWC, WP and OP (Tables 3 & 4) .
Also drought stress conditions enhanced OA capacity, but the reactions of these three cultivars to drought stress were considerably different. By increasing water stress severity, OA capacity elevated in the tolerant Yousof cultivar but semi-drought tolerant Morocco cultivar decreased OA capacity and drought-sensitive Fajr30 cultivar did not clearly change this trait (Figure 1a) . The results showed some variations among cultivars in capacity of accumulation osmotic active compounds. Osmotic adjustment is generally associated with active accumulation of solutes in cells as a response of reduction in water potential and permits cells to retain turgor pressure under water deficit. Osmotic adjustment obviously reduces the sensitivity of processes dependent on turgor, such as growth and stomatal activity, as water potential decreased (Daneshmand et al., 2010) . The higher osmotic adjustment caused delayed stomatal closure and thus can be considered as advantageous for higher photosynthetic assimilation in water limited growing conditions in wheat (Zivcak et al., 2009) .
Correlations between OA and other traits were not significant in 30% AWC (data not shown), but in 10% AWC, OA was positively correlated with root traits, RWC, BY and GY (Table 5 ). It seems that OA mechanism requires more time to accumulate solute content, so the rapid reductions in plant water status may not allow full expression of OA (Blum, 1996) . The significant correlation provided some explanations for the close relations between the OA and other traits in all cultivar in severe stress. Present study is the evidence that OA can contribute to yield maintenance under severe drought condition in barley. In a study, a positive association was observed between yield and OA under severe water stress where yields tend to be low (Serraj & Sinclair, 2002) . In another research, OA was positively correlated with plant production under drought stress but not with plant production under irrigated conditions (Blum, Zhang, & Nguyen, 1999) . Finally, Gonzalez et al. (1999) reported that osmotic adjustment is an indispensable trait that leads to higher grain yields in barley grown under terminal water stress condition. Whereas, OA is directly linked to RWC, so we can say OA is merely an alteration in solute content per cell during drought stress, while changing in water content per cell also can occur during water stress but, this is not osmotic adjustment.
It seems that OA with the positive effects on root traits and by increasing root to shoot ratio, effectively enables plants to extract water from soil environment under drought stress and caused to maintain cell turgor pressure high, thus this mechanism contribute to sustain higher photosynthetic rate and expansion growth. Consequently, OA by www.ccsenet.org/jas Journal of Agricultural Science Vol. 6, No. 7; 2014 affecting water relations caused delay senescence in plants and plants will have more opportunities to complete the growth cycle. Moinuddin et al. (2005) showed that osmotic adjustment can be an effective selection criterion for drought tolerance, and it has a serious role in reducing drought dependent yield loss especially when water deficit occurs during the reproductive growth stage.
These results clearly provided that different drought stress mechanisms closely related together in drought stress and it helps plants to survive in severe drought condition.
Yield
Drought stress had a significant effect on BY and GY and cultivars considerably varied in BY and GY (p<0.01) ( Table 2 ). It seems that in drought stress conditions due to stomatal closure and early senescence, plants do not have enough time to transfer all photosynthetic assimilates to reproductive organ (Gonzalez et al., 2008; Daneshmand et al., 2010) .
The interaction between drought stress and cultivar was significant on GY (p<0.05) ( Table 2) . By increasing drought stress severity, GY obviously decreased in all cultivars (Figure 1b) . Yousof cultivar had the highest root to shoot ratio and OA capacity in 10% AWC as compared to the others, because of these two reasons, it had more opportunities to transfer assimilate to reproductive organ (spike) and grain, so it had the lowest grain yield reduction (67%) in 10% AWC.
Yousof cultivar used two mechanisms to withstand drought stress, drought avoidance mechanism (increased root to shoot ratio) and drought tolerance mechanism (osmotic adjustment). Both of these mechanisms were profitable for maintaining grain yield in high level. So this cultivar had the highest grain yield. The results suggest that the cultivar with higher OA capacity may be has better root traits in drought stress conditions. * and **: Significant at 5% and 1% probability levels, respectively and ns: Non-significant. 
Conclusion
In accordance with the results of this study, terminal drought stress at anthesis stage could affect water relations, root traits and also reduced grain yield in barley cultivars. Plants use different mechanisms to cope with drought stress such as increasing root to shoot ratio and osmotic adjustment. The positive correlation between osmotic adjustment, root traits and grain yield in severe drought stress (10% AWC) conclusively revealed a relationship between the drought avoidance mechanism (increasing root to shoot ratio) and drought tolerance mechanism (osmotic adjustment). Although the drought tolerant cultivar effectively used both mechanisms to maintain its performance under water stress condition, while the semi-drought tolerant and drought sensitive cultivars could not behave in the similar way.
